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CONVERSION TABLE

Conversion factors for U.S. Customary to metric (SI) units of measurement
MULTIPLY - BY TO GET
TO GET - BY DIVIDE

angstrom 1.000000 x E -10 meters (m)
atmosphere (normal) 1.01325 x E +2 kilo pascal (kPa)
bar 1.000000 x E +. kilo pascal (kPa)
barn 1.000000 x E-28 meter2 (m2)

British thermal unit (thermochemical) 1.054350 x E +3 joele (J)
calorie (thermochemical) 4.184000 joule (J)
cal (thermochemical) / cm 2  4.184000 x E -2 mega joule/m2 (MJ/m 2)

curie 3.700000 x E +1 *giga becquerel (GBq)
degree (angle) 1.745329 x E -2 radian (rad)
degree Farenheit tK = (tp, + 459.67)/1.8 degree kelvin (K)
electron volt 1.60219 x E -19 joule (J)
erg 1.000000 x E -7 joule (1)
erg/second 1.C00000 x E -7 watt (W)
foot 3.048000 x E-1 meter (m)
foot-pound-force 1.355818 joule (J)
gallon (U.S. liquid) 3.785412 x B -3 meter 3 (i 3 )

inch 2.540000 x E-2 meter (m)
jerk 1.000000 x E +9 joule (J)
joule/kilogram (J/kg) (radiation dose absorbed) 1.000000 Gray (Gy)
kilotons 4.183 terajoules
kip (1000 lbf) 4.448222 x E +3 newton (N)
kip/inch 2 (ksi) 6.894757 x E +3 kilo pascal (kPa)
ktap 1.000000 x E +2 newton-second/M 2 (N-s/rm2)

micron 1.000000 x E -6 meter (m)
mil 2.540000 x F -5 meter (m)
mile (international) 1.609344 x E +3 meter (m)
ounce 2.834952 x E-2 kilogram (kg)
pound-force (lbs avoirdupois) 4.448222 newton (N)
pound-force inch 1.129848 x E-1 newton-meter (N.m)
pound-force/inch 1.751268 x E +2 newton/meter (N/m)
pound-force/foot 2  4.78802C x E-2 kilo pascal (kPa)
pound-force/inch 2 (psi) 6.894757 kilo pascal (kPa)
pound-mass (Ibm avoirdupois) 4.535924 x E -1 kilogram (kg)
pound-mass-foot 2 (moment of inertia) 4.214011 x E -2 kilogram-meter 2 (kg.m 2 )

pound-mass/foot3 1.601846 x E +1 kilogram/meter 3 (kg/M 3)

rad (radiation dose absorbed) 1.000000 x E-2 **Gray (Gy)
roentgen 2.579760 x E -4 coulomb/kilogram (C/kg)
shake 1.000000 x E -8 second (s)
slug 1.459390 x E +1 kilogram (kg)
torr (mm Hg, 00 C) 1.333220 x E-1 kilo puscal (kPa)
*The becquerel (Bq) is the SI unit of radioactiviy; 1 Bq = I event/s.
**The Gray (Gy) is the SI unit of absorbed radiation.
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SECTION 1

INTRODUCTION

Design and evalkation of radio frequency systems that must operate through
ionospheric disturbances resulting from high altitude nuclear detonations requires an
accurate channel model. This model must include the effects of scintillation caused
by the ionosphere and the effects of high gain antennas that may be used to receive
the signals. Such a model can then be used to construct realizations of the received
signal for use in digital simulations of trans-ionospheric links or for use in hardware
channel simulators.

The propagation channel is conveniently represented in terms of the time-
varying channel impu )se response function h(r, t) or, equivalently, by its Fourier trans-
form, the time-varyinig channel transfer function H(w, t). The former is the channel
response at time t to an impulse applied at t - r. The latter is the channel response
to a sinusoidal excitation at radian frequency w. The received signal u(t) is the con-
volution of the channeI impulse response function and the transmitted modulation

SCt) =

u (t) = f h(rt)m(t-r)d1.1)

The purpose of this report is todescribhe Fortran channel model ACIRF
(Antenna/Channel Impulse Response Function) 'whichgenerates random realizations
of the impulse response function at the outputs of multiple antennas. -The theory (
behind the impulse response function has been discussed by numerous authors (see,
for example, Knepp 1982 or Dana 1986). The latter reference describes the theory
of propagation through random media and antenna aperture effects applications, and
is one of the references from which ACIRF was developed. The other reference is
Wittwer and Dana (1989). Channel simulation techniques without antennas have been
described by Wittwer (1980) and Knepp and Wittwer ki984). The former reference
contains a listing of the original CIRF program developed by Dr. Leon A. Wittwer
of the Defense Nuclear Agency. Simulation techniques have been extended to include
antenna effects in Dana (1986) and Wittwer and Dana (1989). ACIRF is intended
replace the CIRF code. Thus ACIRF contains the channel models in CIRF without
antennas plus it has new channel models that include antenna aperture effects.
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Section 2 of this report briefly outlines the theory behind ACIRF. The Gen-
eralized Power Spectral Density (GPSD) function, which describes the second order
statistics of the channel impulse response function, is discussed. The antenna beam
profile parameters (beamwidths and pointing angles) are defined, and the effects of
the antenna on the received signal statistics are described. Channel simulation tech-
niques used in ACIRF are presented in Section 3. Section 4 presents examples of the
output of a matched filter which illustrate the effects of scintillation and antennas on
the received signal. The inputs and outputs of the ACIRF Fortran code are discussed
in Appendix A.
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SECTION 2

THEORY

The starting point for channel modeling is the generalized power spectral
density (GPSD). This function describes the second-order statistics of the signal in-
cident on the face of an antenna. When scintillation is intense or fully developed, the
first-order signal amplitude statistics are well described by the Rayleigh probability
distribution, and the signal phase is uniformly distributed over a 27r radian interval.
The strong scattering limit can also be obtained by applying the central limit theo-
rem to the superposition of the many randomly scattered waves which comprise the
received signal under these conditions. The in-phase (I) and quadrature-phase (Q)
components of the signal are then independent, zero-mean Gaussian random variables
with variances equal to one-half the total signal power. These conditions are both
necessary and sufficient for Rayleigh amplitude statistics.

2.1 GENERALIZED POWER SPECTRAL DENSITY (GPSD).

The derivation of the GPSD starts with Maxwell's equations from which
the parabolic wave equation is derived (see, for example, Dana 1986). A necessary
condition for the parabolic wave equation to be valid is that the phase perturbation
over a distance comparable to a wavelength be small compared to one radian. A
sufficient condition is that the angular deviation of the wave relative to the principal
propagation path be small compared to one radian. These conditions are generally
satisfied whenever attenuation of the propagating wave is not significant.

2.1.1 Mutual Coherence Function.

The parabolic wave equation can be solved to give the received electric field
for a specific distribution of the index of refraction. The difficulty is that the index
of refraction is a random process. The parabolic wave equation is therefore used to
derive an equation for the two-position, two-frequency, two-time mutual coherence
function, r, of the received electric field E:

r(z,y,w,t) = (E(zi,yiw1, ti)E*(z2,y 2 ,w2,t 2)) (2.1)
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where z = X1 - z 2 and y = y, - !/2 are relative positions in the plane of the receiver,
w = W1 - w2 is radian frequency difference, and t = t1- t2 is time difference.

The solution of the differential equation for the mutual coherence function
provides a description of the second-order statistics of the received signal. The time
variation part of the mutual coherence function takes on different forms depending
on the nature of the propagation medium. Two limiting models are of interest. The
first limit is the "frozen-in" model wherein the striations in the ionosphere act as a
cohesive structure that moves relative to the propagation path. The time variations of
the received signal are then a straightforward mapping of the diffracted electric field
as it drifts past the receiver antenna. Thus, in this frozen-in model there is a strong
coupling between the spatial and temporal variations of the received signal. The
second limiting model is a "turbulent" situation wherein striations move differently at
different points along the propagation path, causing time variations of the diffracted
electric field to become decorrelated at different points in the receiver plane. The
turbulent model therefore decouples the spatial and temporal variations of the received
field.

Wittwer (1989) has recently proposed a "general" model that falls between
these two limiting models. This model is currently being incorporated into a new
version of ACIRF and will be the subject of a future volume of the ACIRF User's
Guide.

The mutual coherence function for the frozen-in model is

F Aw 1/2~ iA (t4/4) 2W1 -1/2 W2(x, = 1+ exp - x (2.2)+ W oh I I COh ex a2

exp (_X _-Al/o) 1 exp + -Y/ . (Frozen-In Model)1x 1 + iAwIW,,,h 1 exp1 + iA(t,,1tY)2WWoA

The coupling between spatial and temporal variations for the frozen-in model is a
result of the x - tt/ro term. For the turbulent model, the mutual coherence function
is

r ~ A 1 /2  iA (t4/eJ)2W ~1/2 r 1r(x,y,w,t) = rT(t) I + 1+ exp X (2.3)
1 Wcoh. Wcoh

exp r l+iAW/coo] exp 1+iA(/ w/ Oo] " (Turbulent Model)
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where rT(t) is the temporal coherence function which does not depend on either the
spatial variables or frequency.

By examining these two forms for the mutual coherence function, it can
be seen that the decorrelation distance t, is the 1/e point of r(x,O,0,0), and the
decorrelation distance t. is the 1/e point of r(o, y, o, 0). The asymmetry factor A is a
function of the two decorrelation distances:

A = [ 21 /2 (2.4)

The coordinate system of the scattering is defined by the line of sight di-
rection 2 and the geomagnetic field . at the altitude in the ionosphere where the
scattering occurs. The orientation of the z axis,

IBjsin4

is chosen such that t, !_ 4.. This scattering coordinate system is shown in Figure 2.1.
The penetration angle 0 is the angle between the line of sight direction and the
magnetic field.

In general, both decorrelation distances should be part of the specification
of the channel parameters. However, if only the minimum decorrelation distance 4.
(also referred to as to in the literature) is specified, then the ratio of the decorrelation
distances 4l/4z can be estimated from the formula:

,.- = Vcos2 -q2 sin2  (2.5)

where q is the axial ratio which is equal to the ratio of the characteristic length of
striations along the field lines to the characteristic thickness in a direction normal to
the field lines. The standard value for q has been 15. However, recent research on the
physics of striations indicates that q may be as large as 70 (Wittwer 1988).

The decorrelation time r0 is the 1/e point of 1(0,0,0,t) for the frozen-in
model. In order to maintain a consistent definition of decorrelation time, it will also
be required that IT(To) equal 1/e for the turbulent model.
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Line of Sight Penetration
Z Angle $

Geomagnetic Field
at Altitude of Scattering

B

Direction of Maximum
Decorrelation Distance

A Angle X Tangent
x to Earth'sIBI si,, Surface

Direction of Minimum

Decorrelation Distance

Figure 2.1. Scattering coordinate system.

The coherence bandwidth, Wcoh, is defined using the GPSD which will be
discussed next. The quantity a is a delay parameter which is equal to the ratio of
the time delay spread caused by diffraction to that caused by refraction. In strong
scattering where diffractive effects dominate, the value of a is fairly large.

2.1.2 Angular-Delay Power Spectral Density.

The Fourier transform of the mutual coherence function is the generalized
power spectral density of the received signal:

S(K.,K,,, WD) = 0 dx 00 J I J dtP(ZIYWt) X

exp [-i(K~z + Kvy - wr + wDt)] (2.6)
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where WD is the Doppler radian frequency, r is the time delay, and K and K V are
related to the scattering angles 0. and 0. about the x and y axes as follows:

2r sin 0.
A

Kv = 27r sin 0. (2.7)
A

The quantity S(KZ, Ky, r, wD)dKdKyddWD is the mean signal energy incident on the
face of a receiving antenna arriving from angles K to K. + dK and K. to K. + dKV;
with delays in the interval r to r + dr, and with Doppler frequencies in the interval
WD to WD + dWD.

In general, the GPSD can be written as a product of a Doppler term times
an angular-delay term,

S(K, Kv, T, WD) = SD(WD)SK,(K,,K,r) , (2.8)

where the angular-delay part of the GPSD is

K[7r 1/ K2
SK, (KZ, KV, T) = awcoh[] a v exp + x

a a2 [W A(K.2 + K2t
exp{ -- wcohA]2} (2.9)

2.1.3 Doppler Spectra.

The Doppler part of the GPSD has different forms for the frozen-in and
turbulent models. For the frozen-in model, the drift velocity of striations is chosen to
be along the x-direction in the receiver plane. The Doppler component of the GPSD
is then

SD(WD) = 27Ft(WDTO - K,4) (2.10)
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where 6(.) is the Dirac delta function. This choice for the orientation of the drift
velocity minimizes the value of r0 . The decorrelation time in the frozen-in model is
the time required for the diffraction pattern to drift one decorrelation distance in the
receiver plane.

Combining Equations 2.8 through 2.10 and integrating over angle and delay
gives the Doppler spectrum for the frozen-in model:

-~ dK= ~ dK,
SCPD) = = f'4_ fdrSD(wD)Sl.(KztJvr)f-0 2vr oo 27r -oo

= V"7-TO exp 4-~~D (Frozen-In Model) (2.11)

The temporal coherence function for this case also has a Gaussian form:

rT(t) = exp(iwt)(w) dD = exp - (2.12)

For the turbulent mode', the Doppler component of the GPSD is a function
only of the Doppler frequency. LL this model there is no coupling between scattering
angle and Doppler frequency or, equivalently, between position and time. The Doppler
spectrum is therefore independent of delay so the temporal variations exhibit the same
rate at all delays. A mathematically convenient form of the Doppler spectrum for the
turbulent model is the so-called f-4 spectrum:

S(wD) = 4To 1a [1 + r W /a2 (Turbulent Model) (2.13)

where the parameter a (a = 2.146193) is determined by the condition that rT(rO)
equal 1/e. The corresponding temporal coherence function then has the form:

FT(t) 1 + ] exp [--t-] (2.14)
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2.1.4 Frequency Selective Bandwidth and Angle of
Arrival Variance.

An important measure of the effects of scintillation on the proprgation of
wide bandwidth signals is the frequency selective bandwidth. This quantity is defined
as

1
f0 -(2.15)27rat

where cr is the standard deviation of the time delay jitter of the received signal:

Cr2 2 (r) . (2.16)

The moments of delay are calculated using the angular-delay part of the GPSD,

r"-  dKr dK dr rnS,(Kx, Kyr )  (2.17)
io 27r o-o 2ir J -

These equations then give the relationship between Wcoh and the frequency selective
bandwidth fo:

Wcoh = 21rfo1 + 1/a 2  . (2.18)

An important signal parameter for systems that utilize large aperture re-
ceiving antennas is the angular scattering variance. Whenever the striations in the
ionosphere are not aligned with the propagation direction, which is typically the case,
the angular scattering will be different about the x and y axes. The standard devia-
tions of the angle of arrival fluctuations about the x and y axes are:

_ A

_ A
- v t (2.19)
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If the propagation path is aligned with the striations in the ionosphere, the
decorrelation distances in the x and y directions will be the same. In this isotropic
case the scattering angles are the same in each direction. A three-dimensional plot
of the isotropic one-dimensional GPSD is shown in Figure 2.2. This plot shows an
example of the mean received power as a function of normalized angle-of-arrival, Ko,
and normalized time delay, wohtr. For this isotropic case, the quantity K is either K.
or K. since they are equal. Similarly, the quantity t o is either t, or t,. The value of a
for this figure is taken to be 4, so consequently the quantity W,,, is essentially equal to
21rfo. It can be seen from the figure that the power arriving at large angles is also the
power arriving at long delays. The power arriving at long delays thus is more likely
to be attenuated if the receiving antenna has a narrow beamwidth.

Ifo

Figure 2.2. Example of the generalized power spectral density.
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2.1.5 Diffraction Limited Form of GPSD.

Under the strong scattering conditions in the ionosphere that cause signal
scintillation at radio frequencies, diffractive effects dominate refractive effects. In this
case, the value of a in the GPSD is large. In the limit that a approaches infinity, the
form of the GPSD can be simplified by noting that

Limit 22]V-bX
a-+00 [a exp(-a 2z 2)]=V6(x) . (2.20)

In this limit, the angular-delay part of the GPSD becomes

SKr(Kz, Kr) = 7rWcoheze exp K .- + KY _] x

cohT - A(K2 + K.) (2.21)

This geometric optics limit results in a delta function relationship between angle and
delay. This form of the angular-delay part of the GPSD will be used to generate
realizations of the impulse response function at the outputs of antennas.

2.2 ANTENNA EFFECTS.

The GPSD of the signal at the output of an antenna, SA(K, r, WD), is given
by (Frasier 1988)

SA(K,r, WD) = G(K - Ko)S(K,r, WD) (2.22)

where G(K - Ko) is the two dimensional beam profile of an antenna pointing in the
direction K0 . The effect of the antenna then is to attenuate the received signal energy
at angles outside of the main beam of the antenna. If the antenna is pointed along
the line of sight, the signal energy that is attenuated by the antenna is that with large
angles of arrival. This is also the energy with large times of arrival. The effect of the
antenna will then be to reduce the received signal power, and also to reduce the delay
spread of that energy.
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2.2.1 Antenna Coordinate System.

The antenna coordinate system is shown in Figure 2.3. It is assumed that
the face of the antenna is in the x-y plane and the boresight is pointed along the line of
sight. The beam in this figure is pointed away from the line of sight in the direction K
defined by a pointing angle 0 and an azimuth angle e. The rotation angle is the angle
between the scattering X^ axis and an antenna axis U^. The antenna (fi, 0) coordinate
system, where 0 is in the x - y plane and is orthogonal to f, is chosen for convenience
in describing the antenna beam profile. For example, if the antenna is rectangular,
then the (U, 0) axes should be aligned with the sides of the aperture. In this coordinate
system, the antenna beam profile G(Ou, 0,) is approximated as a product G(O.) times
G(O,) where 0, and 0, are angles about the u and v axes respectively. In many cases,
the axis fi will be parallel to the local earth tangent plane.

The components of the antenna pointing direction K0 in terms of the rota-
tion, pointing, and azimuth angles are

27r
K = -sin t cos(X + e) (2.23)

A
27r

K0 -- =-sinosin(x + E) (2.24)

2.2.2 Antenna Beam Profile.

The antenna beam profile is assumed to have a Gaussian shape and to be
separable in the u - v coordinate system:

G(Ku,K,) = exp [-aK - acKt,] . (2.25)

The peak gain G(O, 0) has been set to unity because this value is usually included in
the calculation of the mean received power. For either the u or the v direction, the
antenna beam profile can also be written as

G(O) = exp[-(ln2)(20/eo)2  (2.26)

where e0 is the 3 dB beamwidth (i.e. full width at half maximum, G(0o/2) = 1/2].
Equating these two profiles gives
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2 (/n2)A2  (2.27)

where 0f is the 3 dB beamwidth in the = u or the - v direction.

In the next subsections, the 3 dB beamwidths are related to antenna sizes
for the special cases of uniformly weighted circular and rectangular apertures.

Uniformly Weighted Circular Apertures

For a uniformly weighted circular aperture, the well known form for the
power beam profile is

G(O) = 4J[?r(D/A) sin 0] (2.28)
jr(D/A\) sin 812

where J, (') is the Bessel function. The 3 dB full width at half maximum beamwidth,
in terms of the diameter D, is

00 = 1.02899(A/D) radians . (2.29)

If this beam profile is approximated by a Gaussian profile with the same 3 dB
beamwidth, then the coefficients that appear in Equation 2.24 are

2 2 = (1n2)D 2  (2.30)

U - (1.028997r) 2

Uniformly Weighted Rectangular Apertures

For uniformly weighted rectangular apertures, the antenna beam profile in
either the e - u or = v direction has the familiar sin2 (z)/z 2 form:

Ge(Of) = sin2 [7r( De/A) sin Oil (2.31)
[r(DC/A) sin e42

where DC is the length of the aperture. The 3 dB beamwidth is
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00f = 0.885893(A/Di) radians (2.32)

and the coefficients that appear in Equation 2.24 are

2=(1n2) D 2
(82 2  (2.33)f (0.8858937r) 2

2.2.3 Antenna Filtering Equat'ons.

Frasier (1988) has derived filtering equations for an antenna pointing in an
arbitrary direction away from the line of sight. The equations for the scattering loss,
frequency selective bandwidth, decorrelation time and distances are reproduced here.
Further details on the derivation of these equations may be found in Frasier (1988).

For an arbitrary antenna with a beam profile characterized by two beamwidths
and for general anisotropic scattering, it is mathematically convenient to write the
angular-delay part of the GPSD using matrix notation:

SK(K,,r) = rwcohzl exp[-K- L ]6 [WcohT" AK'I] (2.34)

where

K :K + K' (2.35)

is the magnitude of the vector K, and the decorrelation length matrix L in the z - y
coordinate system is

4 t(2.36)

The mean received power at the output of the antenna, PA, is
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__rdet(IL) 
]1/2

PA [-- [t)/ G(Ko) exp(m. -. -) (2.37)P=[det(Q)l

where G(IC0 ) is the line of sight gain of the antenna pointed in the direction K0 away
from the line of sight,

+ (2.38)

M - o ./ ,(2.39)

and where the matrix 6, in the z - y coordinate system, is

a2 CO2X+ 2 2 - 2 )

F c 2=sin (au a.)sincosx (2.40)
(O_ a2)sinxcosX a 'sin 2 X +a cos2 X C (

Note that Equation 2.36 is independent of the choice of coordinate systems as long as
all of the matrices are expressed in the same coordinate system. The scattering loss,
in decibels, of the antenna is just -10 loglo(PA).

The antenna filtered values of the decorrelation distances are

t A. = 2 [ )]1 / (2.41)

-1/2

dAy = 2 Q )j (2.42)

where Q., and Qyy are the two diagonal components of Q in the z - y coordinate
system. Note that the filtered decorrelation distances depend only on the beamwidths
of the antenna and are independent of pointing angle. However, as a beam is pointed
away from the line of sight, the beamwidth will increase because of foreshortening of
the aperture. Thus the independence of the antenna filtered decorrelation distances
with pointing angle is only true for small pointing angles.
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The antenna filtered decorrelation time for the frozen-in model, when the
relative motion of the antenna and random diffraction pattern is in the z direction, is

rA A= 2 [et )112
r0= - L t J (Frozen-in Model) (2.43)

The expression for rA/TO is also independent of pointing angle. For the turbulent
model,

TA = 1 . (Turbulent Model) (2.44)
T0

Finally, the antenna filtered frequency selective bandwidth is

r 11/2

fA 1 tr(L2) 2(2.45]

fo - det(L) 4 - + tr(_ ) (2.45)
detO(Q)J

The form of this result emphasizes its invariance with respect to the choice of coordi-
nate systems.

2.2.4 Antenna Filtering Effects.

The effect of antenna filtering is illustrated in Figure 2.4, which shows four
plots of the GPSD at the outputs of four uniformly weighted circular antennas for
isotropic scattering (t. = 4y = to). The antennas in this example are all pointed along
the line of sight. The upper left plot is the same as in Figure 2.2 and is for a point
antenna (D < to), for which there is no antenna filtering. The other three plots are
for cases where the ratio of antenna diameter to decorrelation distance is equal to 1,
2, and 4. As the antenna size increases for a given value of to or, equivalently, as the
decorrelation distance decreases for a given antenna diameter D, more of the energy
arriving at large scattering angles is filtered out.

Antenna filtering has two major effects, one of which is generally bad and the
other potentially good in terms of system performance. The bad effect is scattering
loss. Energy that arrives at large angles is not captured by the relatively narrow beam
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of the large aperture antenna. An equivalent statement is that spatial decorrelation
of the received electric field across the antenna aperture causes a reduction in the
effective gain of the antenna. The magnitude of the scattering loss is a function of
the ratio of the antenna diameter to decorrelation distance of the incident wave and
a function of the pointing angle of the antenna beam away from the line of sight.

Figure 2.5 shows the scattering loss of a uniformly weighted circular antenna
versus the ratio to/D when the pointing angle of the antenna beam is 0, U0/2 and 00.
It is assumed for this example that the beamwidth remains constant as the beam is
pointed away from the line of sight. When the decorrelation distance is large compared
to the antenna diameter, the curves approach the line of sight loss of beam (0 dB for 0
pointing angle, 3 dB for Oo/2 pointing angle, and 12 dB for O0 pointing angle). When
the decorrelation distance is small compared to the antenna diameter, the angle of
arrival spread of the incident energy is large compared to the beamwidth, so the
scattering loss is insensitive to pointing angle as long as the pointing angle remains
within a few beamwidths of the line of sight.

CIRCULAR ANTENNA

30 POINTINC ANCLE

~~0
'25 ---- .12

....... 0,

C 20-

1 5 - -

c.: 15.............................. ...............

~10 -......

0

-5 1 I . Illllhjjj , I ,j j j j I~~~~~ l i j jjj, ,IIII,

102 i0 10p 101o/D

Figure 2.5. Scattering loss for a uniformly weighted circular antenna.
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The potentially beneficial effect of antenna filtering is that the energy which
is filtered out is that which arrives at relatively large delays. It is this delayed energy
that causes most of the intersymbol interference in the detection and demodulation of
wide bandwidth signals. Stated another way, because the antenna filters out much of
the delayed energy, and since the frequency selective bandwidth is an inverse measure
of the signal delay spread, the filtering increases the frequency selective bandwidth
of the output signal relative that at the antenna input. This is shown in Figure 2.6,
which has plots the ratio of the filtered to unfiltered frequency selective bandwidth,
fA/fo, as a function of the ratio o/D for a uniformly weighted circular antenna.

Figure 2.6 illustrates an interesting effect of pointing the beam away from
the line of sight. As thc pointing angle increases at a fixed value of the ratio tolD,
the standard deviation of the time delay jitter increases and the filtered value of the
frequency selective bandwidth decreases. Thus intersymbol interference effects in the
output of a beam may increase as the beam is pointed away from the line of sight.

Antenna filtering can also affect the decorrelation time of the received signal
as shown in Figure 2.7. The filtered value of decorrelation time is independent of
pointing angle, but depends strongly on the model for the temporal fluctuations. For
turbulent model, the Doppler spectrum is independent of angle, so the signal energy
arriving at all angles has the same decorrelation time. Hence the filtered value of
decorrelation time is equal to that of the incident signal (TA/O = 1) for this model.
For the frozen-in medel, there is strong coupling between the angular spectrum and
the Doppler spectrum of the incident signal energy. The effect of an antenna is to
narrow the angular spectrum the received signal energy as shown in Figure 2.4. Thus,
for the frozen-in model, the antenna also narrows the Doppler spectrum of the received
signal energy. Because the decorrelation time of the signal is an inverse measure of
the width of the Doppler spectrum, the decorrelation time of the signal out of the
antenna increases as antenna filtering effects increase. Reality should lie somewhere
between these two limiting models.
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SECTION 3

CHANNEL SIMULATION

The purpose of this section is to describe statistical channel simulation tech-
niques that allow realizations of the impulse response functions to be generated at the
outputs of multiple antennas with spatial and temporal correlation properties given
by the GPSD and with Rayleigh amplitude statistics. The realizations generated with
these techniques represent only the diffractive part of the received voltage and are
valid under strong scattering conditions where the GPSD is valid and where Rayleigh
statistics apply. Under these conditions, the impulse response function represents a
solution of Maxwell's equations for propagation of RF waves through randomly struc-
tured ionization.

The basic formalism to generate statistical realizations of the channel im-
pulse response function without antenna effects explicitly included was developed by
Wittwer (1980) for isotropic irregularities and was extended by Knepp (1982) to the
case of elongated irregularities. (The elongated case corresponds to a 900 penetration
angle and to an infinite axial ratio.) Channel simulation techniques have been gener-
alized in ACIRF to include the effects of general anisotropic scattering and multiple
receiving antennas.

Another extension of previous channel modeling techniques that is used in
ACIRF is the use of the diffraction limited form of the GPSD (Equation 2.21). In
this limit, there is a delta function relationship between scattering angle and delay.
This allows the angular-delay part of the random signal to be generated in angle only.
The relationship between angle and delay is then used to associate angular spectral
components within an angular annulus to a unique delay bin. The advantage of this
procedure is that it requires one less dimension in the arrays used for channel modeling
thereby reducing both computation time and executable code size.

Channel simulation techniques rely on the assumptions that the channel
is statistically stationary and that the first order statistics of the impulse response
function are normal. The first step in channel modeling is to generate the random
angular spectral components of the channel before the antennas. Because the channel
is stationary in space, these components are uncorrelated from one angle to another.
The angular spectrum of the channel is multiplied by the antenna beam profiles to
produce the angular spectrum at the outputs of the antennas. The delta function
relationship between angle and delay is used to associate the angular components with
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unique delay bins. After this point, techniques used for the frozen-in and turbulent
models to create signal temporal variations are quite different.

For the frozen-in model, temporal variations result from a drift of a ran-
dom diffraction pattern across the receiving antennas. Of course it is equally valid
to assume that the antennas drift past the random diffraction pattern. The latter
viewpoint is used in the channel model. The impulse response functions are generated
by fast Fourier transforming the angular spectra at the outputs of the antennas to
a sequence of positions along the z axis. Temporal variations result by setting the
relative speed between the diffraction pattern and the antennas to one decorrelation
distance per decorrelation time (i.e. speed is equal to 1/ro). There is then a one-to-
one relationship between the K angular spectrum, modified by K component the
antenna beam profile, and the Doppler spectrum as described by Equation 2.9. The
output of the channel model is the impulse response functions h(jA, nAt) for each
antenna at a set of discrete times nAt and delays jAr.

For the turbulent model, temporal variations in the impulse response func-
tion result from temporal variations in the random angular spectral components. An
f - Doppler spectrum has been chosen for computational convenience. It is then pos-
sible to generate the temporal variations of the angular spectral components directly
in the time domain by passing white Gaussian noise through two-pole low pass filters.
At a given time, the angular spectral components of the channel are modified by the
antenna beam profiles and divided into delay bins. Then discrete Fourier transforms
are performed from the angular domain to the locations of the antennas. At the next
time step, the angular spectral components of the channel are updated using the f 4

filters, modified by the antenna beam profiles, divided into delay bins, and Fourier
transformed to the antenna positions, and so on. Again the output is the impulse
response functions for each antenna at a set of discrete times and delays.

3.1 FROZEN-IN MODEL.

The steps used to generate realizations of the impulse response functions
at the outputs of multiple antennas using the frozen-in model are outlined below.
Further details of the algorithm may be found in Wittwer and Dana (1989).
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3.1.1 Discrete Evaluation of the GPSD.

The first step in generating the impulse response function is the evaluation
of the GPSD on a discrete angular-delay (K. - Ky - r) grid. The angular-delay grid
centers are defined by

K. = kAK.

Ky = 1AKv

r = (j+ 1/2)Ar (3.1)

where k, 1, and j are integers. The angular and delay grid sizes and the requirements
on the number of grid points will be discussed later. For the jth delay bin, the GPSD
will be non-zero only for the angles that satisfy the condition

A + 1(2) 1
jW.cohAr < 4 < (j + 1)wo.hAt (3.2)

4

where, for this diffraction limited case, Woh is equal to 27rfo.

The mean signal energy in a K, - K. grid cell at the output of the mih

antenna is

E,,.(k,1) = [(k+1/2)AK- dK,, (1+1/2)AK, dK G.,(K. - Ko., Ky - Kov) SK(K., Kv)
.k-1/2)AK 27r J(-1/2)AK. 27r--" (3.3)

where the angular power spectral density SK is

f00 K22t! + Ky t2
SK(K.,Ky) = f SK,(K,,Ky,Ir)dr = irtxexp [] (3.4)

Equation 3.3 is completely general, but it implies that E,,,(k, 1) must be computed and
stored for each separate antenna. If, however, it is assumed that the antenna beam
profile is constant across a K,, - K, bin, then Equation 3.3 can be approximated by
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E,(k,l) = G..(kAK - Ko2 ,IAK v - Kov)E(k,1) (3.5)

where

[(k+1/2)AK dK, f(i+1/2)AK, dKSE( l/kr 1")~li )g SK (K.,'Ky)
E~k, ~ - (k- 1/2)AK. 27rfJ(I-1/2)AK, 27r

= {erf [(k + 1/2)AKez]_-erf [(k -1/2)AK4] } x

1 {erf [(+ 1/2)AKyti] - erf [(I - 1/2)AKvi] } (3.6)

and where erf(.) is the error function. The accuracy of this approximation and that of
a few similar approximations to Equation 3.3 is discussed in Appendix B. It is shown
in Appendix B that Equation 3.5 is generally accurate to within a small fraction of
a percent.

3.1.2 Random Realizations of the Impulse Response Function.

The impulse response functions will be generated one delay at a time starting
with 4he smallest delay (j = 0) and working to the largest delay (j = jmaz). For each
delay, the steps that are performed are outlined in this subsection.

The angular spectrum of the impulse response function in the jth delay bin
at the output of the mh antenna is

4 r2 )(k,1)/Em(kl) if Eqn. 3.2hmn(kAKz,ILaKy,j r) = AKA rv k  (3.7)

0 otherwise

The normalization 47r 2/AKAKvAT is chosen so that when the Fourier transforms
from angle to space are complete, the quantity hm(jAT, kAt) Ar will represent the re-
ceived signal (without modulation included) during the delay interval jAr to
(j + 1)At.
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The quantity (k, 1) is a complex, zero mean, Gaussian random variable
with the properties

) = 0

=(k,1) 0 (3.8)

where 6k5 j is the Kronecker delta symbol. The random numbers C may be generated
using the equation

= 1u exp(27riu 2) (3.9)

where ul and u2 are independent random numbers uniformly distributed on the in-
terval [0,1).

There is no explicit y coordinate since realizations will be generated only at y
coordinates corresponding to antenna centers. This is accomplished by first generating
N. samples of h,, in the Ky domain, and then by Fourier transforming hm to the y
domain using discrete Fourier transforms (DFTs). One DFT is performed at each
K, coordinate grid point for each unique antenna center y coordinate. In continuous
notation, this transform is

hm(K, T)= exp(iKyy.)hm(Kz,K,r ) " (3.10)

where y.. is the y coordinate of the m"' antenna center. The DFT equivalent of
Equation 3.10 is

hm(kAKz,jAT) = AK N 1/2
2r E exp(ilAKyym)hm(kAKl,,1AKy,jAr )  (3.11)

1=-N3,/2

Now the K., to x Fourier transform is performed for each antenna. In this
case, a fast Fourier transform (FFT) may be used. In continuous notation
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h(x,T r) = 00 exp iKzzm)h,,(K., r) M, (3.12)

The discrete equivalent of Equation 3.12 is

hm(kAz,jAT)-= AK 2 N/2-7 exp(ik'AKzkAx)hm(k'AKz,jAr) (3.13)
2K k'=-N 12

where N. is the number of z coordinate grid points.

The quantity h,,,(kAZ,jAr) is the impulse response function at the output of
the mth antenna when that antenna is located at x position kAz. Under the frozen-in
model, a time step At may be associated with Ax using the effective velocity:

At = Ax(ro/l4) • (3.14)

Thus hm,(kAx,jAr) also represents the impulse response function at the output of
the m h antenna at time kAt.

3.1.3 Grid Sizes.

The angular grid sizes AK., and AK, are chosen so the magnitude of the
antenna filtered GPSD will be negligible at the edges of the angular grid, and so there
will be a sufficient number of samples per decorrelation distance to resolve the fades
of the Rayleigh amplitude distribution.

The delay grid size Ar is generally chosen on the basis of the sampling
period of the receiver. The number of delay samples ND of the realizations is then
chosen so the total delay spread of the realization NDAT will encompass at least 95
percent of the delayed signal energy.

K. Grid

The z grid spacing is

Ax = tA 2/N (3.15)
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where A, is the minimum (of the values for all antennas) filtered x direction decorre-
lation distance. The quantity No is the number of samples per decorrelation distance
or time where No should have a value of 10 or larger in order for the realization to ac-
curately represent the duration and separation of the fades of the Rayleigh amplitude
distribution (Dana 1982, 1988).

The number of x grid points Nr is subject to two constraints: First, N.
should be a power of 2 so a fast Fourier transform can be used to transform from
the K,, domain to the x domain. Second, N. should be greater than or equal to
100 No. Equivalently, there should be at least 100 x direction decorrelation distances
and therefore 100 decorrelation times in the realization in order for the realization to
represent a reasonable sample of the random process.

Here reasonable is defined in terms of the application. Typically, the real-
izations are used to exercise simulations of trans-ionospheric communications links.
Each realization with N,,/No approximately equal to 100 can be used to calculate
link performance averaged over 100 decorrelation times. The resulting receiver per-
formance measures will have some statistical variation due to the finite time duration
of the simulation. This variation can be reduced by either using longer realizations
or by using several realizations with the same signal parameters but with different
random numbers and by averaging the results from the multiple realizations. This
latter approach allows an estimatf. of the statistical variation in the performance to
be made.

Returning to the grid spacing, the x direction distance spanned by the re-
alization is L, = NAx and AK, is

AK -= 27r = 27r (3.16)

The functional dependence of the antenna filtered GPSD on K., is given approximately
by exp[-(K,,A/2) 2]. In discrete notation, K, = kAK where Ik has a maximum
value of N.,/2. Using the maximum value for K,, of NAK,,/2, the value of the GPSD
at the edge of the K. grid is proportional to exp[- (7rNo/2) 2] which is essentially equal
to zero when No equals 10.
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K. Grid

The number of K. grid points is determined by requiring that the magni-
tude of the antenna filtered GPSD is small at the edge of the K. grid. The func-
tional dependence of the antenna filtered GPSD on K. is given approximately by
expl-(KytAy/2)2 ]. A convenient minimum value of the antenna filtered GPSD at the
edge of the K. grid is exp(-7r2 ). Using this value results in the following condition
on N.:

4ir

NY 41 (3.17)

where eAy is the minimum (of the values for all antennas) filtered y direction decor-
relation distance. It is desirable to minimize the number of K. samples in order to
minimize computer memory and execution time requirements. A reasonable minimum
value for N is 32.

The AK, grid spacing is then

27r (3.18)

where the length L. is chosen to be

L = maximum [16tAA,4maximum(ymI) (3.19)

The first condition, L. = 16 1 Ay, results from letting N = 32 in Equation 3.17. The
second condition, L. = 4 maximum (ly l), is chosen to minimize aliasing of the impulse
response functions of the two antennas with the largest separation in the y direction.
If the value of L. is determined by th.. latter condition, then the value of N will need
to be larger than 32 in order to satisfy the condition on N given by Equation 3.17.

Delay Grid

The delay grid size is usually chosen so there are an integer number of
delay samples in a modulation period. The number of delay samples is chosen so
the delay spread of the realization, NDAr, will encompass at least 95 percent of the
delayed energy. Without an antenna, 95 percent of the signal energy, under isotropic
scattering conditions, arrives with delays in the range -0.25 < Wcohr < 3.45 when the
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delay parameter a is set at its minimum value of 4 (Wittwer 1980). To be conservative,
this same criterion is applied under all conditions. This will result in a delay spread
that encompasses more than 95 percent of the energy for anisotropic scattering cases
with antennas. The minimum number of delay samples required is then

ND > (3.20)
27rfA,,minAr

where fA,,,,, is the minimum (of the values for all antennas) filtered value of the
frequency selective bandwidth.

3.2 TURBULENT MODEL.

The starting point for the turbulent model is the angular spectrum of the
impulse response function. At discrete time nAt (At = ro/No), the angular compo-
nents of the impulse response function at the output of the mth antenna for jth delay
bin are

47r
2

h,(kAKz, IAKg,jAr,nAt)= AK AK AT- ( k ln) V Z (kI) if Eqn. 3.2

0o otherwise
(3.21)

The difference between this equation and Equation 3.7 is that the random numbers
e(k,1, n) are now functions of time as well as angle. The impulse response functions at
the outputs of multiple antennas are then generated from h,,(kAKz, IAK,,jAr, nAt)
by performing the following two discrete Fourier transforms:

h(A =1421 , exp(ikAK,x,) x
N=-N1/2

Ny,/2- 1

E exp(ilAKyym)hm(kAK,IAKyjAr, nAt) (3.22)
i=-N/2
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where x.. and y,, are the z - y coordinates of the mth antenna position. The angular
grid size AK for this model is chosen using the same criteria that were used above
to select K v.

At the next time step, (n + 1)At, the random numbers e(k, 1, n) are recal-
culated according to the Doppler frequency spectrum. The f - form for the Doppler
spectrum is convenient because the random numbers e(k, 1, n) can be readily synthe-
sized using two-pole low-pass filters (see, for example, Wittwer 1980).

Once the noise samples e have been updated, the impulse response functions
at time (n + 1)At are again calculated using Equation 3.22.
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SECTION 4

EXAMPLES

Several examples of the received voltage out of a matched filter are presented
in this section. These examples are intended to illustrate the effects of frequency
and spatial selectivity and the differences between frozen-in and turbulent models.
Examples for specific system applications may be found in Bogusch, et. al. (1981)
and in Bogusch, Guigliano, and Knepp (1983).

4.1 MATCHED FILTER OUTPUT.

The output of a matched filter can be constructed by convolving the im-
pulse response function of the channel and antenna with the combined impulse re-
sponse function of the transmitter and receiver. A second approach is to construct
the combined frequency response of the transmitter, channel, antenna, and receiver
and then to Fourier transform that result to obtain the matched filter output. This
latter approach is used for the examples presented in this section.

The starting point is to calculate the channel/antenna transfer function
which is the Fourier transform of the impulse response function:

H(w,t) = j h(r,t)exp(-iwr)dr (4.1)

This function represents the response of the channel and antenna at time t to a
transmitted sinewave with radian frequency w.

Ikof a transmitted square pulse with a chip duration Tc, the voltage out of
the matched filter at time t can be written as

u(r, t) = f M(w)H(wt) exp(iwr) d (4.2)

where r is the time delay of the matched filter relative to the nominal time of arrival
(e.g. the time of arrival under benign propagation conditions).
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The combined spectrum of the transmitted square pulse and the receiver
matched filter is

sin'(wT/2) 
(4.3)

The impulse response function is generated with ND delay samples of size
AT, so the discrete ch' .el/antenna transfer function has an unambiguous frequency
response over 21r/Ar radians. If this bandwidth is divided into NF frequency samples,
then the channel/antenna transfer function at discrete time nAt is

ND-I

II(kAw, nAt) = Z [h(jAr, nAt)Ar] exp [-i(k - NF/2)AwjArj (4.4)
j=O

where Aw = 27r/(NpAr). The range of the index k in this equation is from 0 to
NF - 1 representing a range of frequencies from -NFAw/2 to (NF - 1)Aw/2. Of
course the number of frequency samples should be at least as large as the number
-A delay samples. However, if the number of delay samples was chosen to be the
minimum number required by Equation 3.21, then it may be necessary to chose the
number of frequency samples to be larger that the number of delay samples in order
to minimize aliasing (in delay) of the matched filter output.

The output voltage of the matched filter as a function of time and relative
delay is given by

AwCN ,/2 -I [sin 2(kAwTc/2)

u(r,nAt) = AwTc N 1[ (kAwT2)] H(kAw, nAt) exp(ikAwr) (4.5)
2r k=-Np/2 I

If Ar is chosen to be Tc/2, then AwTC/2 = 2r/NF and u(r,t) represents
a signal that is band-limited to the frequency range -1/Tc to +1/Tr. Note that
the matched filter output u(r, t) is unambiguous in delay over the interval from 0 to
(NF - 1)Ar compared to the delay interval of 0 to (ND-i) for the original ACIRF
realization.
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4.2 SCINTILLATION EFFECTS ON MATCHED FILTER OUTPUT.

In the examples that follow, the chip rate Rc is set at 1 Mhz, and the random
realizations of the impulse response function are generated with a delay sample size of
Tc/2 (Tc = 1/Rc). However, the frequency selective effects depend only on the ratio
of the frequency selective bandwidth to the chip rate fo/Rc. For the antenna examples,
a uniformly weighted circular antenna and isotropic scattering are assumed. Antenna
effects then depend only on the ratio of the antenna diameter D to the decorrelation
distance to and the antenna pointing angle.

4.2.1 Frequency Selective Effects.

In a high data rate communications link, the major effect of frequency se-
lective fading is intersymbol interference. Even relatively small amounts of delay
spread can catastrophically degrade demodulation performance in such a link using
conventional matched filter detection techniques.

Figure 4.1 shows examples of the matched filter output amplitude for three
levels of frequency selective propagation disturbances, characterized by the ratio of
the frequency selective bandwidth fo to the chip rate Rc.

The impulse response functions were generated using the frozen-in model
and a small antenna (i.e. D < t). Each frame in the figure provides a three dimen-
sional picture of the matched filter output for a single transmitted pulse as a function
of time delay (abscissa) and time (scale directed into the figure). The total duration
of each of the frames is 10 decorrelation times.

In the top frame the frequency selective bandwidth is equal to the chip rate
and only a small amount of distortion is evident in the waveform (which is slightly
rounded due to band limiting at the first nulls of the signal spectrum). The effect of
fading can be seen in this frame as the peak amplitude rises and falls with time. Some
minor distortion of the output amplitude is seen but for the most part the signal is
contained within the period of one chip. This channel is nearly fiat fading which means
that all frequency components within the signal bandwidth propagate essentially the
same way through the disturbed ionosphere. There is very little time delay spread
beyond one chip in the matched filter output.

The middle frame in Figure 4.1 shows the matched filter output amplitude
for the case were fo/Rc is equal to 0.2. For this smaller value of the frequency selective
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Figure 4.1. Effects of frequency selective fading.
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bandwidth, more of the signal energy is arriving with delays of more than one chip,
and there are multiple distinct peaks in the matched filter output amplitude. It is
these structures that can cause delay tracking algorithms to loose lock and that cause
intersymbol interference which can degrade demodulation performance.

The bottom frame shows a highly disturbed case where fo is a tenth of
the chip rate. This causes signal energy to be spread over approximately eight chip
periods. When a contiguous set of pulses is transmitted, the delay spread of the
received signal results in the simultaneous reception of information from about eight
previous chips which can produce severe intersymbol interference.

An effect due to the frozen-in model that is evident in Figure 4.1 is that
the signal arriving at long delays varies more rapidly in time than the signal arriving
at shorter delays. A comparison of the matched filter output amplitude generated
with the frozen-in and turbulent models is shown in Figure 4.2 for the case where
fo/Rc is equal to 0.1. The top frame in this figure for the frozen-in model is just
a reproduction of the bottom frame in Figure 4.1. Again 10 decorrelation times of
the signal are plotted. It should be recalled when comparing the two frames that
the Doppler spectrum for the frozen-in model has a Gaussian form, and the Doppler
spectrum for the turbulent model has the f- 4 form. It is this fact that accounts for
the more spiky appearance of the turbulent model output amplitude. The important
difference between the two frames is that the turbulent model amplitude has the same
fading rate at all delays.

4.2.2 Spatially Selective Effects.

Spatially selective effects are important for high data rate communications
links that rely on large antennas to achieve sufficient signal-to-noise ratios for low
error rate data demodulation. Scattering loss of an antenna is a function of the size of
the antenna D relative to the decorrelation distance, 1 . When to is greater than D,
the electric field is highly correlated across the face of the antenna and the full gain
of the antenna is realized. However, the antenna may be located at a position where
the incident power is in a deep fade. The solution to this problem is to have multiple
antennas physically separated by a distance larger than the maximum decorrelation
distance. The probability of having all antennas simultaneously experience deep fades
in the received power is then substantially reduced.

The problem of spatial selectivity occurs when to is less than D and the
electric field is decorrelated across the face of the antenna. In this case, the induced
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voltages in the antenna add noncoherently due to the random phase variations in
the electric field, and a loss of signal power, or equivalently of antenna gain, is the
result. From another perspective, this loss occurs when the angular scattering process
responsible for amplitude and phase scintillation and frequency selective effects also
causes some of the transmitted signal energy to be scattered out of the antenna beam.

Figure 4.3 shows examples of the matched filter output amplitude for three
levels of spatially selective propagation disturbance, characterized by the ratio of the
antenna size to the decorrelation distance. The ratio of the frequency selective band-
width to the chip rate is 0.1, and the antenna is pointing along the line of sight. The
top frame is for the case where L is much greater than D, and is just a reproduction of
the bottom frame of Figure 4.1. The middle frame is for a tolD ratio of 0.5 where the
scattering loss is 3.1 dB. The effect of the antenna is to preferentially attenuate the
signal energy arriving at large angles and also at large delays and thereby to reduce
the delay spread of the output signal. In the bottom frame where tolD is equal to 0.2,
the output signal is almost fiat with very little delay spread distortion of the matched
filter output. Although this substantially reduces the effects of frequency selective
fading, the cost is an 8.8 dB reduction in the average signal power.

Finally, Figure 4.4 shows examples of the matched filter output amplitude
for three values of the pointing angle 0. The ratio of the frequency selective bandwidth
to the chip rate is 0.1, and the ratio of decorrelation distance to antenna diameter is
0.5. The top frame for a pointing angle of zero is just a reproduction of the middle
frame of Figure 4.3. The average scattering loss for this case is 3.1 dB. The bottom
two frames show the matched filter output amplitude for pointing angles of one-half
beamwidth (0k = 00/2) with a scattering loss of 4.6 dB and one beamwidth (0b = o)
with a scattering loss of 9.2 dB.

Although the average scattering losses are about the same, the bottom frame
of Figure 4.4 (tO/D = 0.5 and 'k = O0) and the bottom frame of Figure 4.3 (to/D = 0.2
and 1b = 0) are qualitatively quite different. For the case with the pointing angle equal
to a beamwidth, the received power is much more spread out in delay compared to
the case with zero pointing angle where the signal energy is concentrated near zero
delay. This is due to the fact that the antenna pointed away from the line of sight has
relatively higher gain at large angles and long delays and relatively lower gain at small
angles and short delays than does an antenna pointed along the line of sight. Thus
for an antenna pointed away from the line of sight, increased scattering loss does not
necessarily result in reduced frequency selective effects.
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APPENDIX A

INPUTS AND OUTPUTS OF ACIRF

A.1 ACIRF INPUT FILE.

The key inputs to ACIRF are listed in Table A.1. These include channel
parameters which describe the second order statistics of the signal incident on the face
of any antenna, antenna parameters, and realization parameters.

There are five channel models included in ACIRF: frozen-in model with
antennas (IFADE = 1); turbulent model with antennas (IFADE = 2); frozen-in model
without antennas (IFADE = 3); turbulent model without antennas (IFADE = 4); and
a flat fading model (IFADE = 5). Models 3 and 5 are also implemented in Wittwer's
channel model CIRF (Wittwer 1980).

The key realization parameter inputs are the number of delay samples and
the delay sample size. The delay sample size should be no larger than one-half of
the chip period. For most applications, setting Ar equal to Tc/2 is sufficient. The
number of delay samples required is determined from Equation 3.21.

An example input file is listed in Table A.2. This input file was used to
generate realizations of the impulse response function from which the plots in Figure
4.4 were created. Note that comment lines in the input file start with a semicolon (;).

A.2 FORMATTED ACIRF OUTPUT FILE.

The formatted output file generated using the example ACIRF data file is
listed in Table A.3a. The first page of this file provides a summary of the inputs and
lists, for each antenna, ensemble values of scattering loss, and filtered frequency se-
lective bandwidth, decorrelation distances, and decorrelation time. Subsequent pages
of the output file list, for each antenna, the measured values of these quantities. The
last page lists ensemble and measured values for the cross correlation of the signal out
of the antennas. The algorithms used to measure these quantities are given in Dana
(1986).
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Table A.1. Key ACIRF inputs.

Channel Parameters:
Channel model, IFADE
Frequency Selective Bandwidth, fo (Hertz)
Decorrelation Distances, 4. and t. (meters)
Decorrelation Time, To (seconds)

Antenna Parameters:
Beamwidths, 0 and 0,, (degrees)
Positions, u and v (meters)
Rotation angle, X (degrees)
Pointing angle, 0 (degrees)
Pointing azimuth, E (degrees)

Realization Parameters:
Number of delay samples, ND
Delay sample size, Ar (seconds)

For each delay bin, amplitude moments and the scintillation index S 4 of
the impulse response function are measured and output in the formatted file. The
ensemble power in the jth delay bin for the mth antenna is

Pm= (j+1)ArP,,(T)dT (A.1)
jAr

for j = 0, 1, ... , ND-1. The power impulse response function P(T) is

= dKf [ dK Gm(KZ- Ko,Ky - K-y)Sk(Kz, K,T) (A.2)
A4(T)L 2r -oo 27r

and is given in Frasier (1989). The ensemble values of the amplitude moments are
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Table A.2. Example ACIRF input file.

THIS DATA FILE IS FOR ACIRF USER'S GUIDE EXAMPLES

CASE NUMBER

KASE
1001/

ALPHANUMERIC IDENTIFICATION (80 CHARACTERS OR LESS ENCLOSED IN

'ACIRF USERS GUIDE EXAMPLES'

CHANNEL PARAMETERS

IFADE FO(HZ) TAUO(S) DLX(M) DLY(M)
1 O.1E6 3.0E-3 5.0 5.0/

;****** ANTENNA PARAMETERS (READ ONLY IF IFADE - I OR IFADE • 2)

NUMANT FREQC(HZ)
3 2.99793E9/

BEAMWIDTHS. POSITIONS, ROTATION ANGLES, AND POINTING ANGLES
(ONE LINE FOR EACH ANTENNA)

BWU(DEG) BWV(DEG) UPOS(M) VPOS(M) CHI(DEG) PSI(DEG) EPS(DEG)
0.5896 0.5896 0.0 0.0 00.0 0.0 0.0/
0.5896 0.5896 0. 0 0.0 00.0 0.2948 0.0/
0.5896 0.5896 0.0 0.0 00.0 0.5896 0.0/

REALIZATION PARAMETERS

NDELAY DELTAU(S) NTIMES NKX NKY ISEED NO
16 5.OE-7 1024 1024 33 9771975 10/
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Table A.3a. Example ACIRF output file (page 1, summary of inpvt and
ensemble values).

ACIRF CHANNEL SIMULATION
CASE NUMBER 1001
TEMPORAL VARIATION FROM FROZEN-IN MODEL
REALIZATION IDENTIFICATION:
ACIRF USERS GUIDE EXAMPLES

CHANNEL PAAMETERS
FREC4uENCY SELECTIVE BANDWIDTH (HZ) 0 1.O00E+05

DECORRELATION TIME (SEC) a 3.OOOE-03

X DECORRELATION DISTANCE (M) - 5.OOOE+00
Y DECORRELATION DISTANCE (M) - 5.OOOE+00

REALIZAqION PARAMETERS
NUMBER OF DELAY SAMPLES u 16
DELAY SAMPLE SIZE (SEC) 5.000E-07
NUMBER OF TEMPORAL SAMPLES * 1024

NUMBER OF KX SAMPLES = 1024

NUMBER OF KY SA4PLES * 33
INITIAL RANDOM NUMBER SEED - 9771976

NUMBER OF TEMPORAL SAMPLES PER TAUO - 10

ANTENNA PARAMETERS

NUMBER OF ANTENNAS - 3
CARRIER FREQUENCY (HZ) * 2.998E+09

ANTENNA BEAMWIDTHS, ROTATION ANGLES AND POINTING ANGLES

N BWU(DEG) BWV(DEG) CHICDEG) PSI(DEG) EPS(DEG)
1 .590 .590 .000 .000 .000

2 .590 .590 .000 .295 .000
3 .590 .590 .000 .590 .000

ANTENNA POSITIONS IN U-V AND X-Y COORDINATES

N UPOS(M) VPOS(M) IPOS(M) YPOS(M)

1 .OOOE+00 .OOOE+00 . O0E+O .OOOE+00

2 . OOOE+0 .OOOE00 .OOOE+00 .OOOE+00

3 .OOOE+00 .O00E+00 .OOOE+00 .OOOE+00

ENSEMBLE CHANNEL PARAMETERS AT ANTENNA OUTPUTS

N LOSS(DB) POWER FA(HZ) ALI(M) ALY(M) TAUA(SEC)

1 3.141 .485167 2.061E+05 7.178E+00 7.178E+00 4.307E-03

2 4.602 .346611 1.574E+06 7.178E+00 7.178E+00 4.307E-03
3 8.983 .126390 1.050E+05 7.178E+00 7.178E+00 4.307E-03
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Table A.3b. Example ACIRF output file (page 2, summary for
antenna 1).

MEASURED PARAMETERS FOR REALIZATION/ANTENNA 1

MOMENTS OF VOLTAGE AMPLITUDE VERSUS DELAY

NORMALIZED TO ENSEMBLE VALUES
POW(J) - ENSEMBLE POWER IN J-TH DELAY BIN

J = T: STATISTICS OF COMPOSITE SIGNAL

J POW(J) <A> <A**2> <A**3> <A**4> S4

0 2.313E-01 .9568 .9500 .9780 1.0344 1.1368

1 1.210E-01 1.0182 .9797 .8954 .7833 .7951

2 6.334E-02 1.0642 1.1008 1.1242 1.1372 .9365

3 3.315E-02 .9853 .9865 .9918 .9932 1.0203

4 1.735E-02 .9251 .8651 .8137 .7675 1.0252

5 9.078E-03 .9740 .9333 .8820 .8206 .9404

6 4.751E-03 .9902 .9510 .8917 .8188 .9005

7 2.486E-03 .9874 1.0009 1.0246 1.0525 1.0494

8 1.301E-03 .9603 .9393 .9275 .9159 1.0373

9 8.810E-04 .8717 .7371 .6098 .4952 .9071

10 3.584E-04 1.0041 1.0300 1.0711 1.1248 1.0585

11 1.865E-04 1.0205 1.0373 1.0546 1.0750 .9991

12 9.761E-05 .9761 .9463 .90f8 .8570 .9560

13 6.108E-05 1.1056 1.1900 1.2640 1.3378 .9431

14 2.673E-05 .9194 .8846 .8996 .9607 1.2063
15 1.399E-05 1.0141 1.0324 1.0470 1.0563 .9910

T 4.352E-01 .9973 .9651 .9071 .8270 .8808

ArASURED REALIZATION SIGNAL PARAMETERS

MEAN POWER OF REALIZATION a .473660

TOTAL SCATTERING LOSS (DB) a 3.245

FREQUENCY SELECTIVE BANDWIDTH (HZ) a 2.132E+05
I DIRECTION DECORI. DISTANCE (M) a 7.325E+00
NUMBER OF SAMPLES PER DECOR. DIST s 10.205

DECORRELATION TIME (SEC) a 4.395E-03

MEAN POWER IN GRID

POWER IN KI-KY GIRD a .484762

POWER LOSS OF GRID (DB) a .004

POWER IN DELAY GRID a .485152
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Table A.3c. Example ACIRE output file (page 3, summary for
antenna 2).

MEASURED PARAMETERS FOR REALIZATIONANTENNA 2

MOMENTS OF VOLTAGE AMPLITUDE VERSUS DELAY
NORMALIZED TO ENSEMBLE VALUES
POWCJ) - ENSEMBLE POWER IN J-TH DELAY BIN
J - T: STATISTICS OF COMPOSITE SIGNAL

J POW(J) <A> <A**2> <A**3> <A**4> S4
0 1.280E-01 '.9974 1.0276 1.0774 1.1387 1.0756
1 8.257E-02 1.0332 1.0292 .9922 .9301 .8696
2 5.231E-02 1.0047 1.0114 1.0137 1.0034 .9807
3 3.287E-02 .9087 .8624 .8534 .8699 1.1572
4 2.017E-02 .9005 .8167 .7400 .6890 1.0029
5 1.233E-02 .8829 .7841 .6953 .6170 1.0036
6 7.476E-03 .9827 .9583 .9247 .8834 .9853
7 4.501E-03 .9811 *9739 .9699 .9628 1.0150
8 2.893E-03 1.0053 1.0322 1.0719 1.1137 1.0442
9 1.603E-03 .7867 .8194 .4785 .3586 .9324
10 9.495E-04 1.0011 1.0165 1.0284 1.0235 .9905
11 5.600E-04 1.0708 1.0918 1.0803 1.0432 .8681
12 3.290E-04 1.0146 .0520 .8434 .7138 .7583
13 1.926E-04 1.2411 1.4731 1.6962 1.909 .8715
14 1.124E-04 1.0238 .9948 .9298 .8416 .8377
15 6.638E-06 .9993 .9598 .8861 .7892 .8447
T 3.46SE-01 .9800 .909 .8500 .7840 .9474

MASURED REALIZATION SIGNAL PARAMETERS

MEAN POWER OF REALIZATION a .341379

TOTAL SCATTERING LOSS 0D8) a 4.68
FREQUENCY SELECTIVE BANDWIDTH (HZ) a 1. 637E+05
I DIRECTION DECORA. DISTANCE (M) 0 8.476E+00
NUMBER OF SAMPLES PER DECORI. DIST w 11.808
DECORREL-ATION TIME (SEC) a 5.086E-03

RENPOWER IN GRID

POWER IN 1(1-KY GIRD 0 .346241
POWER LOSS OF GRID (DB) a .005
POWER IN DELAY GRID a .348521
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Table A.3d. Example ACIRF output file (page 4, summary for
antenna 3).

MEASURED PARAMETERS FOR REALIZATION/ANTENNA 3

MOMENTS OF VOLTAGE AMPLITUDE VERSUS DELAY

NORMALIZED TO ENSEMBLE VALUES
POW(J) a ENSEMBLE POWER IN J-TH DELAY BIN

J - T: STATISTICS OF COMPOSITE SIGNAL

J POW(J) <A> <A**2> <A**3> <A**4> S4
0 2.135E-02 1.0277 1.0802 1.1302 1.1686 1.0015

1 2.181E-02 1.0568 1.0626 1.0300 .9706 .8482

2 1.958E-02 .9992 .9990 .9907 .9674 .9690

3 1.630E-02 .8718 .8152 .8023 .8213 1.2132

4 1.291E-02 .8619 .7608 .6767 .6009 1.0373

5 9.851E-03 .8753 .7757 .6851 .6052 1.0058

6 7.308E-03 .9679 .9450 .9260 .8964 1.0038

7 5.300E-03 .9991 1.0150 1.0123 .9838 .9539

8 3.772E-03 1.0026 1.0523 1.1282 1.2156 1.0934

9 2.643E-03 .7554 .5634 .4070 .2825 .8834

10 1.827E-03 1.0246 1.0423 1.0436 1.0173 .9342

11 1.248E-03 1.0900 1.1059 1.0637 .9779 .7739

12 8.439E-04 1.0133 .9423 .8212 .6775 .7254

13 5.653E-04 1.2884 1.5853 1.8641 2.1096 .8239

14 3.756E-04 1.0628 1.0494 .9860 .8920 .7875

15 2.477E-04 1.0060 .9720 .8980 .7922 .8228

T 1.259E-01 .9246 .8494 .7772 .7086 .9820

MEASURED REALIZATION SIGNAL PARAMETERS

MEAN POWER OF REALIZATION - .119903
TOTAL SCATTERING LOSS (DB) * 9.212
FREQUENCY SELECTIVE BANDWIDTH (HZ) = 1.061E+05
I DIRECTION DECORR. DISTANCE (M) a 7.308E 00
NUMBER OF SAMPLES PER DECORR. DIST = 10.181

DECORRELATION TIME (SEC) - 4.385E-03

MEAN POWER IN GRID

POWER IN KX-KY GIRD a .125826

POWER LOSS OF GRID (DB) a .019

POWER IN DELAY GRID a .125933
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Table A.3e. Example ACIRF output file (page 7, ensemble and measured
antenna output cross correlation coefficients).

ENSENEBLE ANTENNA OUTPUT CROSS CORRELATION

AMPLITUDE OF CROSS CORRELATION

N ANP(N-1) ANP(N-2) ANPCN-3)
1 1.000000 .914651 .699883
2 .914651 1.000000 .914655
3 .699883 .914655 1.000000

PHASE (RADIANS) OF CROSS CORRELATION

N PHSCN-1) PHS(N-2) PHS(N-3)
1 .000000 .000000 .000000
2 .000000 .000000 .000000
3 .000000 .000000 .000000

MEAUSRED ANTENNA OUTPUT CROSS CORRELATION

AMPLITUDE OF CROSS CORRELATION

N AMP(N-1) AMP(N-2) AMP(N-3)
1 1.000000 .916112 .703803
2 .916112 1.000000 .914799
3 .703803 .914799 1.000000

PHASE (RADIANS) OF CROSS CORRELATION

N PHS(N-1) PHS(N-2) PHS(N-3)
1 .000000 .000000.000000
2 .000000 .000000 .000000
3 .000000 .000000 .000000

FINAL RANDOM N UMB ER SEEDS
ISEED - 26550
JSEED - 63489
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< a> =-- /rPj

<a. > = P, i (A.3)
3 3/-

< a> =

<at> = 2Pmj .

The mean power in the K, - K. grid, for the mth antenna, is

N./2-1 N,/2-1

PKG,m = F F Em(k,1) , (A.4)
k=-N./2 1=-N,/2

and the mean power in the delay gird, for the mth antenna, is

ND-I

PDGm= E Pm (A.5)
j=0

These last two quantities are computed and output to ensure that the angular-delay
grids contain most of the signal energy.

A.3 UNFORMATTED ACIRF OUTPUT FILES.

The overall file structure of the unformatted ACIRF output files which con-
tain the impulse response function realizations is described in Table A.4.

The first record of an unformatted file is the 80 character identification that
is input. The Fortran code that writes this record is shown in Table A.5.

The problem definition data record A contains a summary of the input data,
and Record B contains a detailed definition of the realizations. The generating Fortran
code is listed in Table A.6. A description of the important words in Record A is given in
Table A.7. Because a common output file format is used by several channel simulation
programs developed at Mission Research Corporation, ACIRF does not utilize all of
the words in the record. Only the words that contain information relevant to the use
of ACIRF realizations are listed in the table.
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Table A.4. Structure of unformatted ACIRF output files.

Record Description
1 Character identification record
2 Floating point record A (problem definition data)
3 Floating point record B (detailed problem definition data)
4 Record A
5 Floating point realization data record C,
6 Record A (if necessary)
7 Floating point realization data record Cz (if necessary)

2n Record A (if necessary)
2n+2 Floating Point realization data record C, (if necessary)

Table A.5. Fortran code that generates character identification record.

PARAMETER (NDENT=80)
CHARACTER IDENT*80
WRITE(IUNIT) NDENT,IDENT(I :NDENT)

Table A.6. Fortran code that generates floating point header records A
and B.

PARAMETER (NDATAI=25,NDATA2=32)
COMMON/HEADER/RDATAI (NDATAi), RDATA2(NDATA2)
WRITE(IUNIT) NDATAI, (RDATAI(II),II=1 ,NDATAI)
WRITE(IUNIT) NDATA2, (RDATA2(II) ,II=INDATA2)
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Table A.7. Description of header Record A.

RDATAI( 1) = 2.0 ACIRF Realization
RDATA1( 2) = KASE Case Number
RDATAI( 3) = FREQC Carrier Frequency (Hz)
RDATA1( 4) = TAUO Decorrelation Time, r0 (sec)
RDATA1( 5) = FO Frequency Selecti; e Bandwidth, fo (Hz)
RDATA1( 6) = DLX z Decorrelation Distance, t4 (m)
RDATA1( 7) - DLY y Decorrelation Distance, t. (m)
RDATA1( 9) = 1.0 Scintillation Index, S4

RDATA1(13) = TDUR Time Duration of Realization, (NTAt)
RDATA1(14) = NTIMES Number of Time Samples, NT
RDATA1(15) = DELTAT Time Sample Size, At
RDATA1(16) = NO Samples per Decorrelation Time, No
RDATA1(20) = NDELAY Number of Delay Samples, ND
RDATA1(22) = DELTAU Delay Sample Size, Ar
RDATA1(23) = ISEED Random Number Seed
RDATA1(25) = MAXBUF Maximum Buffer Size

The ACIRF subroutines WRITER and READER which write and read
the unformatted files are listed in Tables A.8 and A.9, respectively. The subroutine
READER may be adapted to read the impulse response function into a link simula-
tion. As currently written, READER outputs, through the call statement, an array
containing the impulse response function h(jAr, nAt) (j = 1, ... ,ND) at a fixed time
sample nAt (n = 1,... , NT). Consecutive calls of READER produce consecutive time
samples of the impulse response function.

The subroutine WRITER is called by ACIRF once each time step nAt (n =
1,... ,NT) and passed an array of the impulse response function h(jAr, nAt,) (j =

,... ,ND). WRITER buffers these arrays until the end of the realization is reached
or until the number of impulse response function arrays equals the capacity of the
buffer. The maximum number of arrays in buffer is equal to the largest integer which
is less than or equal to (MAXBUF/2)/NDELAY. The ACIRF parameter MAXBUF is
the maximum number of rea words in an unformatted file record. The current value
of MAXBUF is 4096. Once the buffer is filled to capacity or the end of the realization
is reached, WRITER writes the buffer into the file as a single record.
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Table A.8. Listing of ACIRE subroutine WRITER.

SUBROUTINE WRITER(RESET.NDELAY.NTIMES .NFILE. IUNIT.H)
C

~~~~ ~~VERSION 1.0 *** 25 NOV 1957 *************

C
C THIS SUBROUTINE WRITES A CO1MPLEX ARRAY INTO A FILE ON UNITwIUNIT
C
C
C INPUTS:
C
C RESET - LOGICAL FLAG - INTIALIZATION IF RESET = .TRUE.
C H a COMPLEX*8 ARRAY
C NDELAY - NUMBER OF DELAY SAM4PLES IN IMPULSE RESPONSE FUNCTION
C NTIMES - NUMBER OF TIM4E SAMPLES IN IMPULSE RESPONSE FUNCTION
C NFILE - FILE NUMBER
C IUNIT - UNIT NUMBER OF FILE
C
C COIO4ON BLOCK INPUTS.,
C
C RDATAI - HEADER RECORD
C
C PARAMETERS:
C
C M4AXBUF - MAXIMUM BUFFER SIZE (RECORD SIZE IN FILE - MAXBUF + 1)

CMTENNA - MAXIMUM NUMBER OF ANTENNAS (EQUAL TO MAXIMUM NUMBER OF FILES)
CNDATAI a SIZE OF HEADER RECORD 1
CNDATA2 - SIZE OF HEADER RECORD 2

C

C
PARAMETER CM4AXBF40OC, MTENNA8,NDATA1m25 ,NDATA232)

LOGICAL RESET
COMMON/HEADERJ'RDATA1 (NDATA1) .RDATA2 (MTENNA, NDATA2)
COMPLEX H(NDELAY) ,BUFFER(M(AXBUF/2jfTENNA)
DIMENSION NUMBER(MTENA)

C
C****** IF RESET .EQ. TRUE THEN INITIALIZE
C
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Table A.8. Listing of ACIRF subroutine WRITER (Concluded).

IF(RESET)THEN
NTU K*CABUF/2)/NDELAT

NCXWRD NTBUF*NDELAT

NRLWRD *2*NCXWRD
DO 10 NNo1.MTENNA

NUMBER(NN) *0

10 CONTINUE
RESET 0 .FALSE.
RETURN

END IF
C
C COUNT NUMBER OF CALLS -ONE PER TIME SAMPLE
C

=-NMER(NILE) - NUMBERNFILE) + I

JOFFST - MOD C(N=U(NFILE) -1)*NDELAY ,NCXWRD)

C
C WRITE DELAT SAMPLES INTO BUFFER
C

DO 20 JJ-1,NDELAY
BUFFERt(JOFFST+JJ.NFILE) - HCJJ)

20 CONTINUE
IRITER - MODCNUMBERCNFILE),NTBUF)

C
C WRITE BUFFER SAMPLES INTO FILE WHEN BUFFERt IS FULL

C
IFCIRITER .EQ. 0)THEN

WRITECIUNIT) NDATA1. CRDATA1 CNN) ,NNI ,NDATA1)

WRITECIUNIT) NRLWRD. (BUFFERCKKNFILE) ,I.1 NCXWRD)

END IF

CWRITE BUFFER SAM4PLES INTO FILE WHEN AT END OF REALIZATION

IFCNUNBERCNFILE) .EQ. NTIMES .AND. IRITER .NE. 0)THEN

LFTC1 - MODCNTIMEB.NTBUF)*NDELAY
LFTRL a 2*LFTCX
WRITE(IUNIT) NDATkI. (RDATAl (Nil) N~w-iNDATA1)

WRITECIUNIT) LFTRL, (BUFFERCEK,NFILE),Ku~ul.LFTCX)
END IF
RETURN
END
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Table A.9. Listing of ACIRF subroutine READER.

SUBROUTINE READER(RESET,NDELAYNTIMES,NFILE, IUNIT,H)
C
********************* VERSION 1.1 *** 08 JUL 1988 ****************************

C
C THIS SUBROUTINE READS A COMPLEX ARRAY FROM A FILE ON UNIT=IUNIT
C ONE DELAY ARRAY IS READ FOR EACH CALL WITH RESET - .FALSE.
C THE INITIAL HEADER RECORDS ARE READ WITH RESET a .TRUE.
C
C INPUTS FROM ARGUMENT LIST:
C
C RESET - LOGICAL FLAG
C NDELAY a NUMBER OF DELAY SAMPLES IN IMPULSE RESPONSE FUNCTION
C DIMENSION OF H ARRAY
C NTIMES - NUMBER OF TIME SAMPLES IN IMPULSE RESPONSE FUNCTION
C NFILE a FILE NUMBER (ONE PER ANTENNA)
C IUNIT a UNIT OF FILE
C
C OUTPUTS TO ARGUEMENT LIST:
C
C H - IMPULSE RESPOASE FUNCTION ARRAY (DIMENSION NDELAY)
C
C COMMON BLOCK INPUTS:

RDATA1 - HEADER RECORD

PARAMETERS:

MAXBUF - MAXIMUM BUFFER SIZE (RECORD SIZE IN FILE a MAXBUF + 1)
MTENNA - MAXIMUM NUMBER OF ANTENNAS (EQUAL TO THE MAX NUMBER OF FILES)
NDATA1 - SIZE OF HEADER RECORD 1
NDATA2 u SIZE OF HEADER RECORD 2

PARAMETER (MABUF-406 .MTENNAu8 .NDATA1=25 NDATA2032)
COMMON/HEADER/RDATA1 (NDATAI) ,RDATA2 (MTENNA, NDATA2)
COMPLEX H(NDELAY),BUFFER(AXBUF/2,MTENNA)
DIMENSION HEADER(NDATAI) , NUNBER(NTENNA)
LOGICAL RESET

****** IF RESET a .TRUE. READ HEADER RECORDS AT BEGINNING OF FILE

IF (RESET) THEN
REWIND IUNIT
READ(IUNIT)
READ(IUNIT) MDATAI.(HEADER(II), II-l.MINO(MDATAI,NDATAI))
READ(IUNIT)
MDATA1 w MINO(MDATAI.NDATAI)
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Table A.9. Listing of ACIRF subroutine READER (Continued).

DO 10 NN-1,MDATAI

C
C FATAL ERROR IF HEADER RECORD DOES NOT AGREE WITH RDATA1

C IF(HEADER(NN) .NE. RDATAI(NN))THEN
WRITE(*.4000)NN.HEADER(NN),NN.RDATAI (NN)

4000 FORMAT(21,'FATAL ERROR REREADING HEADER RECORD',/2X.

I 'WORD '.12.' OF HEADER RECORD IS '.IPE12.5/21.

2 'WORD '.12.' OF HEADER RECORD SHOULD BE ',E12.5)
STOP

END IF

10 CONTINUE
NTBUF - (MAXBUF/2)/NDELAY
MAXCX - NTBUF*NDELAY
DO 20 NNI.NTENNA

NUMBER(N) - 0

20 CONTINUE
RESET - .FALSE.
RETURN

END IF
NUMBER(NFILE) - NU BER(NFILE) + I

C COUNT NUMBER OF CALLS TO PROGRAM

FATAL ERROR IF ATTEMPT TO READ BEYOND END of FILE

IF(NUMBER(NFILE) .GT. NTIMES)THEN
WRITE(, .4001)NUMBER(NFILE),NTIMES

4001 FORMAT(21,'ATTEMPT TO READ BEYOND END of FILE' ./21,
I 'TIME INDEX " '.IIO/21.'MAX INDEX * ',110)

STOP

END IF
C

C READ DATA INTO A BUFFER
C

IF(MOD(NUMBER(NFILE),NTBUF) .EQ. 1)THEN
READ(IUNIT) MDATA1. (HEADER(NN) .N-I .MINO(MDATAI .NDATAI))
READ(IUNIT) NRLWRD,

I (BUFFER(KK.NFILE) .KKI .MINO(NRLWRD/2,MhBUF/2))
MDATA1 - MINO(MDATA11,NDATA1)

DO 30 NN=iMDATA1

C
C FATAL ERROR IF HEADER RECORD DOES NOT AGREE WITH RDATA1

C
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Table A.9. Listing of ACIRF subroutine READER (Concluded).

IF(HEADER(N1I) .NE. RDATAI(NN))THEM
WRITE(*.4000)NNHEADERL(NN) ,NN.RDATA1 (NN)
STOP

END IF
30 CONTINUE

ENID IF

READ BUFFRE DATA INTO ARRAY

JOFFST - MOD(NUNBERC(NFILE)-l)*NDELAY.MAXcX)
DO 40 JJaI.NDELAY

H(JJ) - BUFFEP(JOFFST+JJ.NYILE)
40 CONTINUE

RETURN
END
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The subroutine READER reverses this process. It first reads a record into a
buffer, and then outputs a single impulse response function array from the buffer each
time it is called. After (MAXBUF/2)/NDELAY calls to READER, another record is
read from the file into the buffer, and so on.
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APPENDIX B

ACCURACY OF ANGULAR INTEGRATION TECHNTQUES

B.1 INTRODUCTION

The mean signal energy in a K, - K. grid cell at the output of an antenna
is

E(k, I) = f(k+1/2)AKX dK- (+1/2)AK, di! G(KZ- Ko, kv- Kov)Sk(K.,Kv) (B.1)J(k-1I2)AK 21rf 11-1l2)A K,  27r

This equation is quite general, but it requires that the energy in each angular bin be
calculated and stored for each antenna. This latter requirement results in unaccept-
ablely large arrays. However, Equation B.1 can be approximated by assuming that
the antenna beam profile varies slowly over the grid cells so G(K - Ko) may be pulled
out of the integral. There are several ways that this can be done. The purpose of this
appcndix is to calculate the accuracy of a few approximations to Equation B.i.

In order to limit the scope of this calculation, isotropic scattering and a
uniformly weighted circular antenna will be assumed. Without loss of generality, it
can then be assumed that the antenna is pointed away from the line of sight in the x
direction, or equivalently, that the pointing azimuth is zero. For this case, the angular
part of the GPSD is

SK(KzK)=7r-eexp (K +K)I°] , (B.2)

and the antenna beam profile is

G(K,'Kv) = exp +(K + V)e] (B.3)

where -y is proportional to the square of the ratio of the antenna diameter D to the
decorrelation distance:

B-1



41n(2) D2

= (1.02899?r) 2  . (B.4)

For this isotropic scattering and antenna case, the power at the output of
the antenna reduces to

PA 1 exp 4n(2)(V)180)2 (B.5)

where 4 is the pointing angle and 00 is the beamwidth of the antenna. The antenna
filtered decorrelation distance, which is the same in both the x and y directions is

a= ."(B.6)

The K, angular grid size is then

AK, = 47r 47r (B.7)

N eA2  N.,v/FW+f-y to.

A similar expression holds for AK v.

The exact expression for the received power will be compared to the total
power in the grid,

N./2-1 N,/2-1

PG = Z 1 E(k, l) , (B.8)
k=-N,12 L=-N,12

to compute an error in the total power

A- GI (B.9)
PE = PAPG(B)

for each of the algorithms used to evaluate Equation B.1.
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B.2 ALGORITHMS

The first approximation to the exact result is just Equation B.1. This ex-
pression will result in some error in the total power because of round-off errors in the
summation of the contributions from each grid cell and because of the finite size of the
angular grid. Additional error results when the beam is pointed near the edge of the
grid so part of the beam is pointed out of the grid. The magnitude of this error will be
apparent in the results of this analysis. With the assumptions of isotropic scattering
and an isotropic Gaussian beam profile, the integrals indicated in Equation B.1 can
be obtained in closed form with the result

El(k,l) = A {erfc [(k - 1/2)AK ztovIPT  _ 2 jKoeo]

erfc [(k + 1/2) AK. tVo F7 2 T -_ 1 Ko t X (B.10)

{erfc [(I - 1/2)AKytov'Fi -+- erfc [(I + 1/2)AKytoVrl -I]

where erfc(.) is the complementary error function and where

K0t0 = (1.028997r)to (B.11)OD

The second approximation, and the one that is used in ACIRF, is obtained
by assuming that the antenna beam profile is constant over an angular grid cell and
can therefore be pulled out of the integral. The result is the product of the antenna
beam profile times a term that is equal to the incident energy in a grid cell:

E 2 (k,1) = G(K - Ko.,Ky - Koy) E,(k,l) (B.12)

where the incident energy is

E, (k, 1) = (+/)ad f+/),dK SK (K., Ky)  (B.13)

J(k-1/2)AK, 21r J(-1/2)AK, 27r

The indicated integrals can again be expressed in terms of error functions:
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E1 (k, 1) = 1 {erfc [(k - 1/2)AKto] erfc [(k + 1/2)AKzto] }
1 {erfc [(I - 1/2)AKyto] erfc [(I + 1/2)AKyto] (B.14)

The advantage of this approximation is that the error function terms depend only on
the environment so they can be done once and used for all antennas thereby reducing
the required processing time and array sizes.

A third approximation to Equation B.1 is similar to the previous approxi-
mation. Rather than using the antenna gain at the center of each angular grid cell,
the gain averaged over the grid cell is used:

K1 [(k+1/2)AK. d f(+1/2)AK 1

E3 (k,1) = E,(k, A1) 1 (k-1/2)AK. dK , (-/2)AK, dKy G(KZ - Kox, Ky - Koy)
(B.15)

Writing the indicated integrals in terms of error functions gives the result:

E 3(k,1) = E(k,l) Kr xAKAKy-yf8

{erfc [fjj(k - 1/2)AK. - Kolto] erfc V[k+ 1/2)AK. - Kolto] }
{erfc [M(, ~)K4 erfc [VFiy(l+ 1/2)AKyt . (B.16)

Finally, a simple way to eliminate the problem created by Equation B.1 is
to do away with the integral. This zeroth order approximation is

E 4(k,1) = AKAKy G(kAK - Ko,,IAKy - Ko)SK(kAK..,IAK) (B.17)
41r

2

B-4



B.3 RESULTS

The relative error (Equation B.9) of the four algor',thms is calculated for a
range of the ratio of the decorrelation distance to the antenna diameter. The scattering
loss of the antenna for this range of to/D is shown in Figure 2.5 for pointing angles of 0,
00/2, and 00. Figures B.1, B.2 and B.3 show the relative errors of the four algorithms
for the same set of pointing angles. For these calculations, a 32x32 angular grid is
used. This is the smallest angular grid size used in ACIRF.

When the pointing angle is zero, algorithm 1 (solid line) has a relatively
constant error of about 2 x 10 -5. This error is attributed to round-off errors that
result in performing the sum of E(k, l) over all grid cells. Both algorithms 2 (dashed
line) and 3 (dotted line) for this case have peak errors of about 10- which occur when
the angular spread of the incident energy is about equal to the antenna beamwidth (i.e.
to is approximately equal to D). Algorithm 4 (dash-dot-dash line) has a maximum
relative error for large values of t4/D of about 2.5, which is unacceptably large.

As the pointing angle increases, the maximum error of algorithm 1 increases
due to the fact that part of the beam is pointing out of the angular grid. However,
even when the pointing angle is equal to a beamwidth, this error is less than 2 percent,
and it is less than 0.1 percent when the pointing angle is one-half of a beamwidth.
Algorithms 2 and 3 generally have errors which are close to that of algorithm 1. The
maximum error of these algorithms is less than 2.5x 10 - 3 when the pointing angle
is 00/2. When the pointing angle is equal to a beamwidth, the sign of the errors of
algorithms 2 and 3 change over the range of 1o/D resulting in errors that are smaller
in magnitude than that of algorithm 1.

Algorithm 2 generally has a slightly smaller error than algorithm 3 over the
ranges of 4o/D and pointing angles considered in this analysis. Algorithm 2 is also
easier to implement than is algorithm 3. Based on these results, the second algorithm
is used in ACIRF.
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BERKELEY RSCH ASSOCIATES, INC ATTN: G DITTBERNER

ATTN: C PRETTIE KAMAN SCIENCES CORPORATION
ATTN: J WORKMAN ATTN: B GAMBILL
ATTN- S BRECHT ATTN: DASIAC

BOEING CO ATTN: R RUTHERFORD

ATTN: G HALL KAMAN SCIENCES CORPORATION

CALIFORNIA RESEARCH & TECHNOLOGY, INC ATTN: DASIAC

ATTN: M ROSENBLATT LOCKHEED MISSILES & SPACE CO, INC
ATTN: J HENLEY

CHARLES STARK DRAPER LAB, INC ATTN: J KUMER
ATTN: A TETEWSKI ATTN: R SEARS

COMMUNICATIONS SATELLITE CORP LOCKHEED MISSILES & SPACE CO, INC
ATTN: G HYDE ATTN: D KREJCI

CORNELL UNIVERSITY LTV AEROSPACE & DEFENSE COMPANY
ATTN: D FARLEY JR 2 CYS ATTN: LIBRARY
ATTN: M KELLY

ELECTROSPACE SYSTEMS, INC
ATTN: P PHILLIPS
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M I T LINCOLN LAB PACIFIC-SIERRA RESEARCH CORP
ATTN: D TOWLE L-230 ATTN: E FIELD JR
ATTN: I KUPIEC L-100 ATTN: F THOMAS
ATTN: M LEE G91 ATTN: H BRODE

MARTIN MARIETTA DENVER AEROSPACE PHOTOMETRICS, INC
ATTN: H VON STRUVE III ATTN: I L KOFSKY
ATTN: 50018 J BENNETT

PHOTON RESEARCH ASSOCIATES
MAXIM TECHNOLOGIES, INC ATTN: D BURWELL

ATTN: B RIDGEWAY ATTN: 0 LEWIS
ATTN: J SO

PHYSICAL RESEARCH INC
MCDONNELL DOUGLAS CORP ATTN: W.SHIH

ATTN: T CRANOR
PHYSICAL RESEARCH INC

MCDONNELL DOUGLAS CORPORATION ATTN: H FITZ
ATTN: J GROSSMAN ATTN: P LUNN
ATTN: R HALPRIN

PHYSICAL RESEARCH, INC
METATECH CORPORATION ATTN: R DELIBERIS

ATTN: R SCHAEFER ATTN: T STEPHENS
ATTN: W RADASKY

PHYSICAL RESEARCH, INC
METEOR COMMUNICATIONS CORP ATTN: J DEVORE

ATTN: R LEADER ATTN: J THOMPSON
ATTN: W SCHLUETER

MISSION RESEARCH CORP

ATTN: J KENNEALY R & D ASSOCIATES
ATTN: R ARMSTRONG ATTN: C GREIFINGER
ATTN: R LARKIN ATTN: FGILMORE
ATTN: S BELANGER ATTN: G HOYT
ATTN: W WHITE ATTN: M GANTSWEG

MISSION RESEARCH CORP R & D ASSOCIATES
ATTN: B R MILNER ATTN: J WALTON
ATTN: C LONGMIRE
ATTN: D ARCHER RAND CORP
ATTN: D KNEPP ATTN: C CRAIN
ATTN: D LANDMAN ATTN: E BEDROZIAN
ATTN: F FAJEN
ATTN: F GUIGLIANO RAND CORP
ATTN: G MCCARTOR ATTN: B BENNETT
ATTN: K COSNER RJO ENTERPRISES/POET FAC
ATTN: M FIRESTONE ATTN: A ALEXANDERATTN: R BIGONI ATTN: W BURNS
ATTN: R BOGUSCH

2 CYS ATTN: R DANA S-CUBED
ATTN: R HENDRICK ATTN: C NEEDHAM
ATTN: R KILB ATTN: T CARNEY
ATTN: S GUTSCHE
ATTN: TECH INFO CENTER SCIENCE APPLICATIONS INTL CORP
ATTN: TECH LIBRARY ATTN: S ROSENCWEIG

MITRE CORPORATION SCIENCE APPLICATIONS INTL CORP
ATTN: D RAMPTON, PH.D ATTN: C SMITH
ATTN: M R DRESP ATTN: D HAMLIN

ATTN: D SACHS
MITRE CORPORATION ATTN: E STRAKER

ATTN: J WHEELER ATTN: L LINSON

ATTN: M HORROCKS
ATTN: R C PESCI SCIENCE APPLICATIONS INTL CORP
ATTN: W FOSTER ATTN: J COCKAYNE

NORTHWEST RESEARCH ASSOC, INC SCIENCE APPLICATIONS INTL CORP
ATTN: E FREMOUW ATTN: D TELAGE

ATTN: M CROSS

Dist-4



DNA.TR-88-175 (DL CONTINUED)

SRI INTERNATIONAL TRW SPACE & DEFENSE SYSTEMS
ATTN: D MCDANIEL ATTN: D M LAYTON
ATTN: J DEPP
ATTN: R LEONARD USER SYSTEMS, INC
ATTN: W CHESNUT ATTN: S W MCCANDLESS, JR
ATTN: W JAYE UTAH STATE UNIVERSITY

STEWART RADIANCE LABORATORY ATTN: K BAKER
ATTN: R HUPPI ATTN: L JENSEN, ELEC ENG DEPT

TELECOMMUNICATION SCIENCE ASSOCIATES VISIDYNE, INC
ATTN: R BUCKNER ATTN: J CARPENTER

TELEDYNE BROWN ENGINEE, ING FOREIGN
ATTN: J WOLFSBERGER, JR
ATTN: N PASSINO FOA 2

ATTN: B SJOHOLM
TOYON RESEARCH CORP

ATTN: J ISE FOA 3
ATTN: T KARLSSON

TRW INC
ATTN: DR D GRYBOS
ATTN: R PLEBUCH
ATTN: R5/220 H CULVER
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